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METHOD AND APPARATUS FOR
MEMBRANE-BASED, TWO-STAGE GAS
PRODUCTION FROM SOLID
BIOMATERIALS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Patent
Application Ser. No. 60/886,250, entitled “Membrane-Based
Biohydrogenesis for Enhanced Biological Production of
Hydrogen From Organic Wastes,” filed on Jan. 23, 2007, and
the specification thereof is incorporated herein by reference.

STATEMENT REGARDING
FEDERALLY-SPONSORED RESEARCH OR
DEVELOPMENT

The U.S. Government has a paid-up license in this inven-
tion and the right in limited circumstances to require the
patent owner to license others on reasonable terms as pro-
vided for by the terms of contract No. BES-06070175
awarded by the National Science Foundation and of Contract
No. 601660 SU-83248501-0 awarded by the U.S. Environ-
mental Protection Agency.

COPYRIGHTED MATERIAL

A portion of the disclosure of this patent document con-
tains material that is subject to copyright protection. The
owner has no objection to the facsimile reproduction by any-
one of the patent document or patent disclosure, as it appears
in the Patent and Trademark Office patent file or records, but
otherwise reserves all copyrights whatsoever.

BACKGROUND OF THE INVENTION

1. Field of the Invention (Technical Field)

The present invention relates to a two-stage membrane-
based apparatus and method for production of gas from bio-
logical materials using fermentative and photosynthetic pro-
cesses.

2. Description of Related Art

Note that the following discussion refers to a number of
publications by author(s) and year of publication, and that due
to recent publication dates certain publications are not to be
considered as prior art vis-a-vis the present invention. Dis-
cussion of such publications herein is given for more com-
plete background and is not to be construed as an admission
that such publications are prior art for patentability determi-
nation purposes.

Hydrogen (H,) has been identified as a renewable and
pollution-free high-efficiency carrier that has the potential to
replace the nonrenewable fossil fuels oftoday. However, cur-
rently available H, production technologies, such as elec-
trolysis or biomass gasification, are energy-intensive and
expensive. Many technical challenges relating to hydrogen’s
generation, storage, and usage remain to be solved before it
can be widely adapted for use.

Hydrogen can be produced by thermochemical, electro-
chemical, or biological processes. Of the three, biological
processes are emerging as more environment-friendly, less
energy-intensive, and sustainable. Recent research suggests
that hydrogen produced via biological processes or from bio-
mass, i.e. biohydrogen, is feasible, where the biomass is
organic matter such as chemical feedstock or waste streams,
and can be sustainable and cost-effective in the latter case.
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Current research has identified three processes as viable for
biohydrogen production: biophotolysis by cyanobateria;
photofermentation by anoxygenic phototrophic bacteria; and
fermentation by anaerobic bacteria. The following are
examples of such hydrogen production technologies.

U.S. Pat. No. 7,083,956 to Paterek, entitled “Method For
Hydrogen Production From Organic Wastes Using a Two-
Phase Bioreactor System”, issued Aug. 1, 2006, discloses a
method for hydrogen production from organic wastes and
manures Using a two-phase bioreactor system with biode-
gradable solid being introduced into first stage anaerobic
bioreactor utilizing indigenous microflora. The liquid efflu-
ent, including fatty acids, is transferred into second stage
anaerobic bioreactor, which is not photofermentative. Hydro-
gen passes through semi-permeable fibers of the second
stage.

U.S. Pat. No. 6,887,692 to Paterek, entitled “Method and
Apparatus For Hydrogen Production From Organic Wastes
and Manure,” issued May, 2005, discloses a method and
system for hydrogen production in which a feedstock of at
least one biodegradable solid is introduced into a first stage
anaerobic bioreactor and a liquid effluent formed. A hollow
fiber membrane separates liquid phases. The liquid effluent is
transferred into a second stage anaerobic bioreactor having a
plurality of hollow semipermeable fibers having an outer
surface coated with a biofilm formed by at least one hydro-
genogenic bacteria, which forms hydrogen gas within the
lumen of the hollow semipermeable fibers. The hydrogen
thus produced is removed from the lumen of the hollow
semipermeable fibers.

U.S. Pat. No. 7,138,046 to Roychowdhury, entitled “Pro-
cess For Production Of Hydrogen From Anaerobically
Decomposed Organic Materials,” issued Nov. 21, 2006, dis-
closes a process for the production of hydrogen from anaero-
bically decomposed organic materials by applying an electric
potential to anaerobically decomposed organic materials to
form hydrogen gas.

Anaerobic technology has been proven to be energy-effi-
cient in stabilizing organic waste streams. Reports from sev-
eral laboratory studies and full-scale projects have docu-
mented successful applications of this technology in
stabilizing liquid waste streams and generating energy in the
form of gaseous methane. However, large-scale application
of'this technology in stabilizing particulate wastes to produce
energy has been hindered by the poor kinetics of the overall
process. Conversion of particulate organic wastes to gaseous
methane involves multiple steps in series and parallel, diverse
groups of microorganisms, and different environments.

The following have been recognized as important stages in
the process. In the first stage, acidogenic organisms solubilize
particulate substrates extracellularly by enzymatic hydroly-
sis. In the second stage, acidogenic organisms catabolize the
products of the first stage into volatile organic acids, carbon
dioxide, and hydrogen. In the next stage, acetogenic organ-
isms convert the products of the second stage to acetic acid.
Finally, methanogenic organisms convert the acetic acid to
carbon dioxide and methane.

Hydrogen is removed by absorption in materials such as Pd
and LaNig; stripping by boiling or by a recirculating gas such
as nitrogen; or evaporation at large surface areas. However,
these approaches are expensive, energy-intensive, or imprac-
tical for large-scale applications.

Typical gas components in biogas include CH,, N,, CO,,
H,O (vapor) and trace amounts of NH;, H,S, and HCI. Tra-
ditional biogas separation processes focus on CH, enrich-
ment, which is similar to CO, separation from natural gas.
Both adsorption and membrane processes have previously
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been applied in biogas separation. A hollow fiber membrane
separation process for natural gas upgrade has been commer-
cialized by Air Liquide (MEDAL-Air Liquid). Palladium and
alloy membranes for H, separation from gas mixtures have
been extensively studied and documented. The mechanism of
H, transport through such membranes involves the following
series of steps: adsorption; dissociation; ionization; diffusion;
reassociation; and desorption. Within the metal, H, loses its
electron to the palladium structure and diffuses through the
membrane as a proton. At the exit surface the reverse process
occurs. The trace components including NH;, H,S, and HC1
in biogas could potentially poison the precious metal compo-
nents in the H, separation membrane and significantly reduce
the membrane performance and stability. Microporous SiO,
membranes have shown high selectivity and permeability for
H, at close to ambient temperature.

While recent research has reported on biohydrogen pro-
duction from liquid organic substrates in pure and sterile
forms, embodiments of the present invention preferably com-
prise an apparatus and method to produce hydrogen from
solid biological material, such as organic solid wastes
(OSWs) or the like. Unlike the inventions mentioned above,
embodiments of the present invention preferably comprise an
apparatus and method of anaerobic hydrolysis and fermenta-
tion, or a chemical conversion of carbohydrates into alcohols
or acids in the absence of oxygen, in tandem with photofer-
mentation, and comprising a gas-specific membrane.
Embodiments of the present invention preferably comprise a
single vessel design incorporating at least two steps, an
anaerobic fermentation stage and a photofermentation stage,
and preferably comprise a membrane, preferably a hollow
fiber membrane, separating fluid or gaseous phases. Other
embodiments of the present invention preferably comprise an
apparatus and method comprising biological conversion of
acids to a gas and a heat treatment to suppress methanogens.

Embodiments of the present invention preferably comprise
a two-step process configuration for hydrogen production,
preferably at room temperature, from biomaterials with the
first step preferably comprising generating H, gas or other
gases through anaerobic hydrolysis and fermentation and the
second step comprising generating additional H, gas or other
gases through photofermentation of the products of the first
stage and stabilizing the waste.

For sustainable H, production, substrates should prefer-
ably be carbohydrates from renewable sources at sufficient
concentrations requiring minimum pretreatment, and avail-
able throughout the year at low cost. Materials comprising
OSWs meet these requirements, and may be ideal feedstocks
for biohydrogen production from the standpoint of pollution
prevention, economics, and sustainability. Cellulose, hemi-
cellulose, and lignin are the primary components of plant
cells, and are thus the primary components of OSWs such as
biomass wastes, food wastes, and farm wastes. The conver-
sion of cellulose and hemicellulose first to glucose and
xylose, respectively, and then to hydrogen, therefore, is a
rational and sustainable solution to abatement of pollution,
depletion of fossil fuel reserves, and emissions of greenhouse
gases.

Biohydrogen has recently been produced from liquid
organic substrates in pure and sterile forms, but there is a need
for producing biohydrogen from any kind of biomaterials,
including solid biomaterials. Additionally, combining waste
stabilization and H, production in this manner conserves lim-
ited resources and be a cost-effective and sustainable
approach. Cattle manure is currently produced at a rate of
2.2x10* kg/yr/cow, which translates to a COD equivalent of
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2x101* kg/yr. The current practice of applying the manure to
the ground as a fertilizer runs in the face of new regulations
that prohibit land application.

There is currently a need for an optimal process configu-
ration for development of a dry digestion process, modifying
anaerobic technology to produce hydrogen rather than meth-
ane. While methane generation from wastes is well under-
stood and has been reported upon, embodiments of the
present invention preferably generate gas by two processes in
tandem, which has previously not been accomplished. Even
though the viability of the two processes has been demon-
strated individually, the present invention integrates the two
for larger scale practical applications.

BRIEF SUMMARY OF THE INVENTION

Embodiments of the present invention preferably comprise
a system for producing a gas preferably comprising a multi-
stage reactor preferably comprising at least one leach-bed
reactor, at least one suspended-growth reactor, and a gas-
specific membrane system preferably in fluid communication
with the multi-stage reactor. The suspended-growth reactor is
preferably in fluid communication with the leach-bed reactor.
The suspended-growth reactor preferably comprises a con-
tinuous stirred-tank reactor. The multi-stage reactor prefer-
ably comprises a plurality of tubes, where the tubes are pref-
erably perforated. The gas-specific membrane system
preferably comprises ruthenium, nickel, alumina, or alumina
composite. The gas-specific membrane system preferably
comprises a hydrogen-selective membrane. The suspended-
growth reactor preferably comprises a light source. The sus-
pended-growth reactor preferably further comprises a mag-
netic stirrer. The leach-bed reactor preferably comprises a
fixed-bed reactor.

Embodiments of the present invention preferably comprise
amethod for producing gas preferably comprising the steps of
anaerobic  hydrolysis-fermentation; photofermentation;
removing the gas; and maintaining pH. The anaerobic
hydrolysis-fermentation and photofermentation may occur in
tandem. The anaerobic hydrolysis-fermentation preferably
comprises percolating leachate in cross flow mode. The
anaerobic hydrolysis-fermentation preferably comprises
anaerobically fermenting leachate preferably at room tem-
perature to preferably produce gas (e.g. hydrogen gas), car-
bon dioxide, and fatty acids. The photofermentation prefer-
ably comprises converting fatty acids to preferably produce
gas (e.g. hydrogen), carbon dioxide, and organic residue. The
anaerobic hydrolysis-fermentation and photofermentation
preferably occur at room temperature. Maintaining pH pref-
erably comprises monitoring and controlling different pH
levels in different stages. Hydrogen partial pressure is pref-
erably maintained and product inhibition is preferably
avoided by preferably rapidly and efficiently separating the
gas. Anaerobic hydrolysis-fermentation preferably occurs in
a leach-bed reactor. Photofermentation preferably occursin a
suspended-growth reactor stage. Anaerobic hydrolysis-fer-
mentation preferably comprises fermenting a biomaterial.
The biomaterial is preferably a solid. Anaerobic hydrolysis-
fermentation and photofermentation preferably comprise uti-
lizing naturally occurring organisms in manure.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The accompanying drawings which are incorporated into
and form a part of the specification, illustrate one or more
embodiments of the present invention and, together with the



US 8,093,041 B1

5

description, serve to explain the principles of the invention.
The drawings are only for the purpose of illustrating one or
more preferred embodiments of the invention and are not to
be construed as limiting the invention. In the drawings:

FIG. 1 is a schematic of a reactor illustrating an embodi-
ment of the present invention;

FIG. 2 is a computer-generated image of a schematic of the
overview of the preferred embodiment of the method of the
invention;

FIG. 3 is a diagram illustrating the energetics of a sequence
of processes of an embodiment of the present invention;

FIG. 4 is a computer-generated image graph of dissolved
carbon oxygen demand (COD) over time;

FIG. 5 is a computer-generated image graph of dissolved
carbon oxygen demand (COD) (measured) versus dissolved
COD (predicted);

FIG. 6 is a computer-generated image graph of a compila-
tion of COD mean profiles for eight parameters, including
biokinetic coefficients and hydrolysis rate constants;

FIG. 7 is a drawing illustrating a conceptual model of a
batch system;

FIG. 8 is a computer-generated image graph illustrating
comparisons of dissolved COD production with and without
biocide;

FIG. 9 is a graph illustrating average pH in the liquid phase
in reactors;

FIG. 10. is a graph illustrating enhancement of hydrolysis
by cellulose;

FIG. 11 is a graph illustrating a comparison of three
hydrolysis models referencing Reactor 1 where each inset
shows measured COD vs. predicted COD;

FIG. 12 is a graph illustrating a comparison of three
hydrolysis models referencing Reactor 2 where each inset
shows measured COD vs. predicted COD;

FIG. 13 is a graph illustrating a comparison of three
hydrolysis models referencing Reactor 3, where each inset
shows measured COD vs. predicted COD;

FIG. 14 is a graph illustrating a comparison of three
hydrolysis models referencing Reactor 4, where each inset
shows measured COD vs. predicted COD;

FIG. 15 is a graph illustrating a comparison of three
hydrolysis models referencing Reactor 5, where each inset
shows measured COD vs. predicted COD;

FIG. 16 is an illustration of overall comparisons of mea-
sured COD and predicted COD of three hydrolysis models;

FIG. 17 is an illustration of a scanning electron microscope
(SEM) image of binary Ru—Ni nanoparticles; and

FIG. 18 is an illustration of an overall X-Ray mapping of
nanoparticles with a core-and-shell structure of the Ru—Ni
nanoparticles.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS OF THE INVENTION

Details of the present invention will be set forth in part in
the detailed description to follow, taken in conjunction with
the accompanying drawings, and in part will become appar-
ent to those skilled in the art upon examination of the follow-
ing, or may be learned by practice of the invention. The
objects and advantages of the invention may be realized and
attained by means of the instrumentalities and combinations
particularly pointed out in the appended claims.

An embodiment of the present invention preferably com-
prises a reactor comprising: hydrogen selective separation
membranes that maximize hydrogen production from OSWs;
microbial populations and metabolisms in a biological hydro-
gen production process; a membrane system for hydrogen
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6

separation and purification; a refined model for hydrolysis/
acidogenesis integrated with a logistic growth model for
photofermentation to formulate and validate a complete
model for biological hydrogen production; and optimal
parameters and operating conditions to maximize hydrogen
production. Acidogenesis comprises a biological reaction
where simple monomers are converted into volatile fatty
acids.

The present invention comprises a reactor for integrating
anaerobic fermentation and photofermentation to produce
hydrogen from solid organic wastes. Hydrogen generation by
the two processes preferably occurs in tandem. Hydrogen
partial pressure (e.g. <2,000 Pa) is maintained by incorporat-
ing a hydrogen selective membrane for efficient removal of
hydrogen. Product inhibition is preferably avoided by incor-
porating a hydrogen selective membrane for efficient removal
ot hydrogen. A different pH for the two stages is maintained
by two-stage reactor configuration with individual pH con-
trol. Substrate inhibition is avoided by flexibility to adjust
recycle rate. High cell concentration for anaerobic fermenta-
tion is preferably maintained by a fixed bed reactor for
anaerobic fermentation. Low HRT for anaerobic fermenta-
tion is preferably maintained by a fixed bed reactor with
recycling. Uniform and optimal light intensity is preferably
maintained by a suspended growth reactor for photofermen-
tation. In a suspended growth reactor the biomass is prefer-
ably suspended in the liquid being treated.

Abundant and low cost inocula is employed, preferably by
utilizing naturally occurring organisms in cattle manure. The
reactor size is minimized preferably by cross-flow configu-
ration, with built-in illumination. The overall cost is mini-
mized preferably by using end products as nursery pots and
fertilizers, reusing effluent in pulping digested manure, and
recycling effluent as fertilizer.

Embodiments of the present invention preferably relate to
a method and apparatus comprising two-stage membrane-
based production of gas, preferably hydrogen gas or other
gas, from solid biological materials, preferably organic waste
materials or other biomaterials, using fermentative and pho-
tosynthetic processes comprising microorganisms. Embodi-
ments of the present invention preferably comprise a vessel,
such as a reactor or other vessel, integrating a two-stage
process comprising anaerobic hydrolysis and fermentation
and photofermentation to produce gas, including but not lim-
ited to hydrogen gas, preferably from solid biological organic
wastes, while suppressing methanogens and stabilizing
wastes, and the second step generates additional hydrogen
through photofermentation of the products of the first stage,
as well as stabilizing the waste.

A support for the biomass preferably comprises a manure
matrix. The anaerobic fermentor, comprising the apparatus
for anaerobic hydrolysis and fermentation, preferably com-
prises a leach-bed configuration, with the leachate preferably
percolating in cross flow mode to maximize the hydrolysis
and acidogenesis processes. A leach-bed reactor configura-
tion preferably comprises an efficient dry digestion process.

The photofermentation reactor preferably comprises a con-
tinuous stirred-tank reactor (CSTR) configuration to maxi-
mize the light transmission for the phototrophic process. Gas,
including but not limited to hydrogen, is preferably selec-
tively harvested from both stages. Another embodiment ofthe
present invention preferably comprises a flat panel reactor for
larger scale, outdoor application.

An embodiment of the present invention preferably com-
prises a method of hydrolysis-acidogenesis in leach-bed reac-
tors for the first stage that is preferably coupled to a second
stage comprising a suspended growth reactor, comprising a
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logistic growth model for photofermentation in the second
stage. Methane formation is preferably suppressed in a first
stage by inhibiting methanogens, preferably by heat-shock-
ing anaerobic sludge to inhibit methane-forming species,
maintaining a low hydrogen partial pressure preferably by
using hydrogen-selective membranes in the head space,
maintaining a low hydraulic detention time, and maintaining
a pH less than approximately 5.0. Photofermentation is pref-
erably accomplished by maintaining a pH from approxi-
mately 6.0 to 7.0.

An embodiment of the present invention preferably com-
prises a process overview resulting in combustion of hydro-
gen to produce water, with an energy conversion efficiency of
hydrogen of approximately 55%, and a net yield of 12 moles
of hydrogen, or 3,432 kJ. The process comprises anaerobic
fermentation, where:

CsO6H > (glucose)+2H,0=2CH;COOH (fatty acid)+
4H, (g)+2C0, (g)

and photofermentation, where:

2CH;COOH+4H,0=8H, (g)+4CO, (g)

resulting in:

CsO6H 5 (glucose)+6H,0=12H, (g)+6CO, (g).

An embodiment of the present invention preferably com-
prises a unique membrane that rapidly removes biogases and
efficiently separates out high-purity hydrogen. Embodiments
of the present invention preferably comprise hydrogen-spe-
cific membranes that resolve technical problems in convert-
ing wastes to hydrogen by alleviating process feed-back inhi-
bition, preventing conversion and consumption of hydrogen,
and concentrating and purifying the gas product. Thus, the
conversion of solid waste into a value-added energy-efficient
fuel, as well as nursery pots that can be produced from
digested residues, addresses current waste-management
problems in diverse, economically important industries,
including but not limited to the dairy and food industries.

A preferred embodiment of the present invention prefer-
ably removes hydrogen gas from the bioreactor preferably by
using a unique hydrogen-selective composite membrane,
preferably comprising aluminum oxide as a substrate.
Embodiments of the present invention preferably comprise a
separation layer comprising a ruthenium-nickel thin film act-
ing as a catalyst for hydrogen oxidation. Other embodiments
of the present invention preferably comprise a microporous
silicon dioxide matrix.

FIG. 1 illustrates an embodiment of the present invention
comprising reactor 10. Reactor 10 comprises tube 20, tube 22,
and tube 24 disposed concentrically inside tank 30. Feed-
stock, preferably comprising wet cattle manure, 40, is placed
in annular space 60 between tube 20 and tube 22, both pret-
erably perforated. Leachate 50 percolates from tank 30 radi-
ally through tube 20, through feedstock 40 and into annular
space 60 between tubes 22 and 24. Thereafter, leachate 50
overflows into tube 24, where it is isolated from acid produc-
ing phase 40, so that optimal pH can be maintained for each
phase. Light source 64 is placed at the center of tube 24. This
configuration enables dry digestion under controlled mois-
ture content. Anaerobic fermentation (hydrolysis and acido-
genesis) occurs in annular space 60 between tube 22 and tube
24, producing H,, CO, and dissolved fatty acids. Leachate 50
carries the dissolved volatile acids into the second stage in
tube 24, where photofermentation takes place with the pro-
duction of H, and CO,. The two stages are fitted with pH
monitors/controllers 66 to maintain optimal pH in each stage.
A fraction of the effluent is preferably recycled to the first
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stage. Carbon dioxide in headspace 70 is preferably absorbed
(e.g. with 50% KOH traps 68). Mixing in the second stage is
preferably provided by stirrer (e.g. magnetic stirrer 72).
Membranes 74 in the two stages enable hydrogen levels to be
maintained at a specified pressure.

Thermodynamically, optimal hydrogen production by
anaerobic fermentation with acetate as the end-product is
realized only when hydrogen partial pressure in headspace 70
is maintained less than approximately 2,000 Pa. Accumula-
tion of hydrogen in headspace 70 can cause product inhibi-
tion. Efficient removal of hydrogen is efficiently removed
from headspace 70 for continuous hydrogen production.

Embodiments of the present invention preferably comprise
an apparatus for gas separation, preferably hydrogen-selec-
tive membranes, preferably comprising Ru—Ni/y-Al,O5/a-
Al,O; composites, microporous SiO, composites, and hol-
low fiber membranes. Biogas generated in the fermentation
reaction comprises trace amounts of CH,,, NH;, HCI, H,S, so
the hydrogen separation membrane preferably tolerates these
trace gas components. This requirement excludes the use of
palladium and palladium alloy membranes because these pre-
cious metals are prone to attack by the acid gases. Ru—
Ni/y-Al,O5/0-Al,O; composite membranes comprise
a-Al,Oj substrates to provide mechanical strength, and com-
prise y-Al,O; to provide a transitional layer between a sepa-
ration layer and a macroporous substrate. The Ru—Ni/y-
Al,O5/a-Al, O, composite membranes preferably comprise a
separation layer of Ru—Ni. A transitional layer significantly
reduces the thickness of the separation layer and enhances
permeability and stability.

Embodiments of the present invention preferably comprise
a catalytic membrane and method for optimum proton gen-
eration and rate of diffusion. An embodiment of the present
invention comprise Ru—Ni membranes comprising catalytic
properties that facilitate characteristic hydrogen oxidation
reactions that involve H, dissociative adsorption on and per-
meation through the Ru—Ni surface with both pure H, and
gas mixtures comprising trace components in the biogas.
Another embodiment of the present invention preferably
comprises a membrane comprising microporous SiO, com-
posite membranes preferably comprising an a-Al,O5 sub-
strate to provide the mechanical strength, y-Al,O, to provide
the transitional layer between the separation layer and the
macroporous substrate, and a separation layer of microporous
Si0,. A sol-gel technique preferably prepares a top layer and
a transitional layer. Pure H, and H, gas preferably permeate
the composite membranes.

Another embodiment of the present invention preferably
comprises a membrane comprising a commercial hollow
fiber membrane preferably comprising an apparatus for sepa-
rating biogas, especially for biohydrogen purification. The
molar flow rate FH2 (mole/s) of H, through the membrane
may be described by the transport equation F,,=B, A, (p” ~
P” ) where By, is the permeance of the membrane, A, is the
membrane surface, and (p”~p”,) is the difference in partial
pressure between the feed side and the permeate side. The
value of n is a function of membrane pore size and hydrogen
transport mechanism.

An embodiment of the present invention comprises an
integrated process of hydrogen production from particulate
organic wastes including hydrolysis, acidogenesis, anoxy-
genic photosynthesis, and separation of hydrogen from bio-
gases in order to produce biohydrogen.

An embodiment of the present invention is illustrated in
FIG. 2. Acidogenic bacteria 88 exist as a biofilm in manure
matrix 78. The particulate degradable portion of cattle
manure is comprised of hemicellulose 80 and cellulose 82.
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These two fractions are enzymatically hydrolyzed to their
soluble hemicellulose 84 and soluble cellulose 86 and then
degraded by acidogens 88 in first stage 90 at different rates, to
produce fatty acids, H, and CO,. The hydrolysis of hemicel-
Iulose 80, and of cellulose 82 are surface limiting reactions
while the utilization of soluble hemicellulose 84 and of
soluble cellulose 86 by acidogens 88 are a two-substrate-
single-biomass. The fatty acids in the dissolved form flow
from first stage 90 to second stage 92, where phototrophic
bacteria 94 utilize them in the presence of light 96, to produce
H, and CO,.

An embodiment of the present invention comprises a
downflow leach-bed reactor fed with cattle manure, modified
for radial cross flow and utilizing a photosynthetic process
and a membrane process. In addition, the present invention
accommodates pH variation and speciation of volatile acids.

Anaerobic fermentation followed by photofermentation of
the products is an optimal process for producing H,. This
two-step configuration produces H, at a practical rate and
economic yield with minimal energy needs, and at the same
time, stabilizes wastes. Embodiments of the present invention
comprise a substrate comprising biomass, and the CO, pro-
duced by this process is climate-neutral. Energetics of this
sequence of processes utilizing glucose as the feedstock and
acetate and butyrate as intermediate products are illustrated in
FIG. 3.

Embodiments of the present invention comprise producing
H, by fermentation of organics comprising cultures of
Enterobacter, Bacillus, and Clostridium, of which, the latter
have been found to yield the maximum yield of 1.6 t0 2.36 M
H,/M glucose. Embodiments of the present invention com-
prise viable production of hydrogen using non-sterile feed-
stocks, comprising exploiting natural and/or abundant culture
sources, such as soil micro flora or excess sludge from waste-
water treatment plants. However, if mixed cultures from these
sources are to be used, activity of hydrogen-consuming
organisms (e.g. methanogens) found in those sources should
be inhibited. Methods to inhibit methanogens include pre-
treatment of cultures and operating the reactor at short
hydraulic retention times (e.g. approximately <8 hrs) and low
pH (e.g. approximately 5 to 6.5). Two pretreatment methods
reported to be effective in suppressing methanogens in the
seed are acid-treatment and heat-treatment.

Embodiments of the present invention comprise generat-
ing volatile fatty acids by hydrolysis and acidogenesis in a
leach-bed reactor at HRT of approximately 2 to 3 hrs and at
pH approximately <5.5 using naturally occurring organisms
in cattle manure residues. Embodiments of the present inven-
tion comprise inhibiting methanogenesis to levels of methane
in the gas phase comprising less than approximately 1%.
Embodiments of the present invention comprise using natu-
rally occurring organisms comprise Rhodobacter sphaeroi-
des for photofermentation in the second stage.

Embodiments of the present invention comprise a method
to use cattle manure residues as feedstock in producing
hydrogen through anaerobic fermentation followed by photo-
fermentation. Cellulose, hemicellulose, and lignin are the
primary constituents of cattle manure as well as many other
solid biomaterials.

The invention is further described herein. While the pre-
ferred embodiment of the invention is directed to production
of hydrogen gas from solid organic waste materials, the
invention is also useful in any fuel derivation as appropriate
using fermentative and photosynthetic microorganisms or
their byproducts.

EXAMPLE 1

A mathematical model for the hydrolysis and acidogenesis
reactions in anaerobic digestion/fermentation of cattle
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manure was performed. The particulate hydrolysable fraction
of cow manure was composed of cellulose and hemicellulose
that were hydrolyzed at different rates according to a surface-
limiting reaction. The respective soluble products of hydroly-
sis were utilized by acidogens at different rates, according to
a two-substrate, single-biomass model. Batch experimental
results were used to identify sensitive parameters and to cali-
brate and validate the model. Results predicted by the model
agreed well with the experimentally measured data not used
in the calibration process. The correlation coefficient
exceeded 0.91. The most significant parameter in the hydroly-
sis-acidogenesis phase was the hydrolysis rate constant for
the cellulose fraction.

A two-substrate, single-biomass model was developed for
the hydrolysis/acidogenesis phase and was validated using
experimental batch data. A sensitivity analysis of the model
parameters was performed. A two-phase reactor system was
developed for dry digestion of cattle manure residues, with a
leach-bed reactor comprising the first stage and a suspended
growth reactor comprising the second stage. Chemical oxy-
gen demand (COD) generation was optimized by enhancing
hydrolysis and acidogenesis and minimizing methanogenic
activity by maintaining pH below 5.5.

During dry digestion of cattle manure residues in a leach-
bed reactor, substrate degradation curves exhibited two dis-
tinct segments. This observed two-segment profile was due to
two components of cattle manure, a readily degradable fac-
tion, hemicellulose, and a slowly degradable fraction, cellu-
lose. Different hydrolysis parameters and biokinetic param-
eters were found for the two components. Two enzymatic
mechanisms were found: one mediated by native organisms
found in manure residues and the other mediated by either
external enzymes or by seed cultures that were added to the
reactor to augment the hydrolysis process.

In the first mechanism, native organisms grew as colonies
attached to particles in the solid matrix. The rate of hydrolysis
by these organisms was dependent on the surface area of the
particles occupied by the organisms. When the surfaces ofthe
particles were fully saturated by the organisms, the rate was
first order with respect to biomass concentration. In the two-
substrate, single-biomass model, the hydrolysis step was
modeled as a surface-limiting reaction. In the second mecha-
nism, an initial concentration-dependent conversion factor
was modeled. Cellulose was hydrolyzed by a family of
enzymes, cellulase. Seed cultures were used to augment
hydrolysis. The pH remained below 6.0 and had no effect on
the hydrolysis rate.

Acidogenesis was subsequently modeled. The acidogenic
biomass grew on the soluble products of hydrolysis consist-
ing of a readily degradable component, hemicellulose, and a
slowly degradable component, cellulose. The growth of aci-
dogenic biomass was modeled as a single biomass (aci-
dogens) feeding on two non-inhibitory substrates (soluble
hemicellulose and soluble cellulose) with different biokinetic
constants. The model formulation involved hydrolysis pro-
cess parameters and biokinetic parameters. The parameters
were established following a curve-fitting process using
experimental data from a batch reactor run without any
supplement. Experimental data from two batch reactors with
various doses of heated anaerobic sludge added as a supple-
ment were then used to validate the model using parameters
estimated from another reactor.

Batch experiments were conducted in three 600 mL glass
bottles (reactors), each in duplicate. Manure samples were
gathered at a nearby dairy farm from a pile under the separator
that is used to separate the manure from manure slurry result-
ing from the cleaning of farm houses with running water.
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Average age of the samples in the piles was two days. Equal
amounts of manure sample were placed in each of the six
reactors and filled with equal volumes of water. Reactor 1 did
not receive any external supplements. Reactors 2 and 3 were
seeded with different amounts of heat-treated anaerobic
sludge from a wastewater plant. Heat treatment was con-
ducted to suppress the growth of methanogens.

Table 1 summarizes the initial concentrations of acidogens,
particulate hemicellulose, and particulate cellulose per gram
of manure. The initial concentration of acidogen biomass was
estimated from data reported in the literature. Initial concen-
trations of dissolved COD, which resulted from hemicellu-
lose and cellulose after adding water, are also shown in Table
1. The pH remained below 6 throughout the tests. Methano-
gens have negligible activity at pH less than 6.0, thus the
dominant processes occurring in the test reactors was
hydrolysis and acidogenesis.

All variables are expressed in chemical oxygen demand
(COD) basis. The probability that the regression coefficient
would be as extreme as reported is p, P is the concentration of
cellulose in particulate form (g COD/g manure), P, is the
concentration of hemicellulose in particulate form (g COD/g
manure), P, is the concentration of component i in particulate
form (g COD/g manure), P, , is the initial concentration of
component i in particulate form (g COD/g manure), P,  is the
initial concentration of total components in particulate form
(g COD/g manure), S, is the concentration of cellulose in
dissolved form (g COD/L), S,, is the concentration of hemi-
cellulose in dissolved form (g COD/L), X is the concentration
of'acidogenic biomass (g COD/g solids), a is the solubiliza-
tion rate of enhancer (g COD/g manure-day), a_is the biomass
yield coefficient with cellulose as substrate (g COD/g COD),
a, is the biomass yield coefficient with hemicellulose as sub-
strate (g COD/g COD), C, is the specific COD conversion rate
of'enhancers (g COD/g enhancer-day), EMR is the enhancer-
to-enhancer ratio (g enhancer/g manure), k. is the maximum
soluble substrate utilization rate of cellulose (1/day), k;, is the
maximum soluble substrate utilization rate of hemicellulose
(1/day), k, is the biomass death rate (1/day), K,, is the
hydrolysis rate constant for component i (1/day or g/g biom-
ass-day), K, , , is the half-saturation coefficient for hydrolysis
of component i (g COD/g COD), K,_. is the half-saturation
coefficient for biomass uptake of cellulose (g COD/L), K, is
the half-saturation coefficient for biomass uptake of hemicel-
Iulose (g COD/L), and MLR is the manure-to-liquid ratio (g
manure/L water). K, ; ,, K}, are hydrolysis process parameters
and k., k,, K ., and K, are biokinetic parameters.

s

TABLE 1

Reactor contents

Reactor Reactor Reactor

Description 1 2 3
Amount of wet cattle manure (g) 120 120 120
Moisture content in wet 77.5 77.5 77.5
cattle manure (%)

Amount of seed added, dry (g) 0.00 4.85 7.28
Initial concentration of 0.035 0.035 0.035
biomass (g COD/g manure)

Initial concentration of 0.42 042 0.42
hemicellulose (g COD/g manure)

Initial concentration of cellulose 0.41 041 0.41
(g COD/g manure)

Initial COD concentration which 0.83 0.87 0.88
hydrolyzed from hemicellulose (g COD/L)

Initial COD concentration hydrolyzed 0.82 0.84 0.85
from cellulose (g COD/L)

Total water (L) 0.523 0.528 0.532
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TABLE 1-continued

Reactor content

Reactor Reactor Reactor

Description 1 2 3
Seed-to-manure ratio SMR (g/g) 0.00 0.18 0.927
Dry manure-to-liquid ratio MLR (g/L) 51.68 51.15  50.90

Yield coefficients for acidogenic growth on soluble hemi-
cellulose and cellulose were established based on studies on
similar substrates. Based on a sensitivity analysis, when the
yield was changed by a factor of two, the variation in the COD
values predicted was less than 10% of the measured value.
Thus, the yield values were set at 0.084 and 0.042 g COD of
VSS/g COD, respectively. Specific COD conversion rates, C,,
were determined by fitting predicted COD data to experimen-
tally measured COD data from Reactor 2. A correlation coef-
ficient>0.95 and p<0.005 were used as criteria to establish
how good the fit was. This process yielded specific COD
conversion rates of 0.15 g COD/g sludge for hemicellulose
and 0.001 g COD/g sludge for cellulose. The four hydrolysis
parameters (K, ,, K, ., K,,, and K, . ) and the four biokinetic
parameters (k,, k_, k,, and k) determined through curve
fitting using measured data from Reactor 1, and validated
with the laboratory data from Reactors 2 and 3 are listed in
Table 2. The maximum hydrolysis rates, K, were established
for the surface-limiting model (1.4. per day for hemicellulose
and 0.09 per day for cellulose). The hydrolysis saturation
constants, K, ; were established to be 28 g COD/g COD for
hemicellulose and 1.5 g COD/g COD for cellulose. K, ;, and
K, . were the least sensitive of the eight parameters.

A new biokinetic model was used: (dS /dt), ...~k (S X/
(K, (1+S,/K,))+S,) MLR. The maximum growth rate of
acidogens k, was found to be 0.51 per day for soluble hemi-
cellulose and 0.034 per day for soluble cellulose. The values
for saturation constant K were established as 15 g COD/L for
hemicellulose and 100 g COD/L for cellulose.

COD values predicted by the model were compared against
measuring data. F1G. 4 illustrates model predictions using the
parameters found, closely following the temporal trend in the
measured COD data from Reactor 1, which did not receive
any supplement. Measured data from Reactors 2 and 3 that
received seed supplement were used to further validate the
model. The two variables that distinguish Reactors 2 and 3
from each other and from Reactor 1 are the seed-to-manure
ratio and the manure-to-water ratio compiled in Table 4. FIG.
5 shows agreement between the COD predicted by the model
and the measured COD values from the three reactors. The
agreement between the predicted and measured COD values
was statistically significant (p<0.005), individually for the
three reactors (with r*=0.980, 0.933, and 0.872, respectively)
as well as for the three reactors together (with overall r*=0.91
at p<0.002).

A sensitivity analysis was conducted to identify the most
sensitive parameters in the hydrolysis-acidogenesis step.
Nine COD profiles were generated and then combined to
generate a mean profile with a spread of one standard devia-
tion. A compilation of these mean profiles for each of the
eight parameters is shown in FIG. 6, along with the measured
COD data from Reactor 1. These plots indicate that the maxi-
mum hydrolysis rate constant K, . for cellulose to be highly
sensitive, followed by the biokinetic coefficients k,, and k,
for hemicellulose, to a lesser extent.

A two-substrate, single biomass model integrating
hydrolysis and acidogenesis in anaerobic digestion of cattle
manure was validated using batch experimental data.
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Hydrolysis was the rate-limiting step in the anaerobic diges-
tion of complex particulate substrates and was used in design-
ing, monitoring, analyzing, and optimizing the anaerobic gas-
ification process.

TABLE 2

Model parameter output

Value at 37° C.

Model Parameters Hemicellulose Cellulose
Maximum rate of hydrolysis, K ; (day™) 14+0.13 0.09 £0.008
Saturation constant for hydrolysis, K,,; (—) 28.0 £2.52 1.5+0.14
Saturation constant for fermentation, 15.0£1.35 100 £9.0
K,; (g COD/L)

Maximum substrate 1.8 +0.16 0.80 £0.07

utilization rate, k; (1/day)

EXAMPLE 2

First-order, second-order, and surface-limiting reactions in
anaerobic hydrolysis of cattle manure were evaluated. Labo-
ratory batch experiments were conducted with cattle manure
as the substrate to evaluate the three hydrolysis models and to
validate the hydrolysis-acidogenesis model. Enhancement of
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Batch reactors were run with cattle manure as the substrate
under five different conditions to calibrate and validate the
process models. The two-parameter, surface-limiting reac-
tion model and the single-parameter, second-order reaction
model were found to fit the experimental results better than
the simple first-order reaction model with r* values 0of 0.914,
0.913, and 0.881, respectively. The temporal COD solubili-
zation curve consisted of two distinct segments. This is due to
two distinct components of cattle manure: a readily hydro-
lyzable fraction composed primarily of hemicellulose and a
slowly hydrolyzable fraction composed primarily of cellu-
lose. These two fractions were identified as the major con-
stituents of cattle manure, each wet waste. Naturally existing
cellulolytic and hemicellulolytic organisms in cattle manure
hydrolyzed the particulate forms of cellulose and hemicellu-
lose contained therein.

The quantities of manure samples, water, cellulase enrich-
ment, and biocide added to each reactor are shown in Table 3.
All the reactors were placed in a water bath maintained at
37+2° C. Liquid samples from the reactors were withdrawn
periodically to measure pH using a pH electrode probe. The
samples were filtered with a 0.45 pm membrane filter and the
COD of the filtrate was mea-sured following Standard Meth-
ods 522D to determine dissolved COD.

TABLE 3

Contents of test reactors.

Description

Reactor Reactor Reactor Reactor Reactor Reactor Reactor
1 2 3 4 5 6 7

Amount of wet cattle manure (g)
Moisture content in wet manure (%)
Amount of cellulase added (g)
Amount of biocide added (g)

Water added to reactor (L)

Cellulase-to-manure ratio (mg/g)

Manure-to-liquid ratio (g/L)

120
8.7
0.00
0.00
0.40
0.00
51.68

120
78.7

120
8.7
0.10
0.00
0.45
3.90
46.93

120
78.7
0.15
0.00
0.45
5.90
46.93

120
78.7
0.20
0.00
045
7.80
46.93

100
713
0.00
0.00
0.43
NA
42.83

100
713
0.00
1.00
0.43
NA
42.83

hydrolysis by enrichment with enzymes was also investi-
gated. Cellulase was used as an enhancer solely to validate the
process model. Samples of cattle manure were obtained from
a pile of dairy filtered manure wash. The age of the test
samples in the pile was 2 days. The tests were con-ducted in
batch mode in 600 mL glass bottles. Five batch reactors
(labeled Reactor 1, 2, 3, 4, and 5) were run, each with a
duplicate. Reactor 1 contained a raw manure sample, topped
with water. Reactors 2 to 5 contained raw manure, enriched
with different amounts of the cellulose enhancer and topped
with water. Another set of experiments was conducted to
verify that active hydrolytic organisms were already present
in the manure samples. In these experiments, two 600-mL
batch reactors (labeled Reactors 6 and 7) were run in dupli-
cate. Both of those reactors were filled with raw manure
samples and water; Reactor 7, however, was dosed with a
biocide (1.9 g/IL HgCl,) to inhibit bacterial activity.

Three kinetic models were evaluated for suitability in
describing anaerobic hydrolysis of par-ticulate wastes. The
three hydrolysis models evaluated were: a first-order reaction
in particulate substrate concentration model, a second-order
reaction in acidogenic biomass and particulate substrate con-
centrations model, and a two-parameter, surface-limiting
reaction model. Process models incorporating the three
hydrolysis reaction models were developed to describe the
hydrolysis-acidogenesis phase in the fermentation of cattle
manure.
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EXAMPLE 3

A hydrolysis-acidogenesis phase was modeled and was
based on the simplifying assumptions that the particulate
hemicellulose and cellulose fractions were hydrolyzed by
acidogens; the acidogens grew attached to the solid matrix,
utilizing the dissolved form of hemicellulose and cellulose as
substrate; and the enhancers hydrolyzed the particulate hemi-
cellulose and cellulose in proportion to their respective initial
concentrations. The solubilization efficiency of the enhancer,
cellulase, was estimated to be 15% through a curve-fitting
process. A sensitivity analysis showed that the change in
COD production was within 1% when the efficiency ranged
from 10 to 20%. There was negligible methanogenic activity
in the reactors. Thus, the only processes occurring in the
reactors were hydrolysis and acidogenesis.

The modeling framework incorporating these assumptions
is illustrated in FIG. 7 illustrating a conceptual model of batch
system 90 comprising hydrolysis 1 of particulate hemicellu-
lose 92, hydrolysis 2 of particulate cellulose 94, biouptake 3
of soluble hemicellulose 96, and biouptake 4 of soluble cel-
Iulose 98 to acidogen 99. Based on the above assumptions, the
rate of change of particulate species i (in the forms of hemi-
cellulose 92 and cellulose 94) due to hydrolysis can be
expressed as follows for the three hydrolysis reaction models:

The overall rate of the anaerobic process of gasification of
particulate wastes by the above scheme is dependent on the
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rate limiting step comprising the hydrolysis step as the rate-
limiting step. Hydrolysis reaction models for use in modeling
the hydrolysis/acidogenesis step in the digestion of cattle
manure are:
First-Order Reaction Model:

dP /dt=-K (P )-a(P,o/P, o)
Second-Order Reaction Model:
dP Jdi==K |(P)(X)-a(P,o/P;0)
Surface-Limiting Reaction Model (Contois Kinetic Model):
dP/dt=-K,(P/X/(K ;i +P/X))(X)-(P; o/P, o)

In the above equations, the second term on the right-hand
side represents the enhancement of hydrolysis by the cellu-
lose enhancer where, a is the solubilization rate of the
enhancer. While this term was zero for Reactor 1, for Reactors
2 to 5, o is expressed as

a=C,EMR

where C, is the specific COD conversion rate of the enhancer
(g COD/g enhancer-day) and EMR is the enhancer-to-manure
ratio (grams enhancer/g manure). The specific COD conver-
sion rate of cellulase was obtained from the supplier as 2.074
g COD/g cellulase-day.

Regardless of the hydrolysis reaction model, the utilization
rates of dissolved hemicellulose and cellulose by the aci-
dogenic biomass can be expressed as follows according to the
two-substrate-one-biomass model:

Uptake Rate of Hemicellulose by Acidogens:

(dS,/dt), ==k (Sp X/ (K, (14+S /K ) +S,) MLR
Uptake Rate of Cellulose by Acidogens:
(@S /dt), =k (S XK (145;,/K ) +SMLR

Therefore, the net rate of change of dissolved species
(i=hemicellulose or cellulose) in the reactor is:

(dS/diy=—(dP/dOMLR+(dS /d1),,

Thus, the rate of change of dissolved COD in the reactor is:

d(COD)

Bhoas;
dr :g;(ﬁ?)

The rate of growth of acidogenic biomass can be expressed
as:

i=h

S e

i=c

where a, is the yield coefficient [-]; and k is the death rate
[1/day].

The model equations contain up to four hydrolysis process
parameters (K, and K, ., for hemicellulose and K, .and K.
for cellulose) and four biological process parameters (k, and
K, for hemicellulose and k. and K, for cellulose). Since
these parameters were not measured through independent
experiments, a curve-fitting process was used to estimate
them. Measured COD data from Reactor 1 was used in the
curve-fitting process to estimate the eight parameters, which
were then validated using measured COD data from Reactors
2, 3, 4, and 5. The model equations were solved using a
dynamic simulation program to generate the COD profileas a
function of time.
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The literature was surveyed to determine yield coefficients
for acidogenic growth on soluble forms of hemicellulose (a,,)
and cellulose (a,.). Since the substrates, experimental condi-
tions, and the data analysis methods varied from study to
study, it was not possible to reconcile and corroborate those
values. Typical yield coefficients ranged as follows: 0.026 g
COD of VSS/g COD for cattle manure wastewater, where
VSS is Volatile Suspended Solids; 0.047 g COD of VSS/g
COD for amino acids and sugars; 0.057 g COD of VSS/g
COD for activated sludge; 0.051 g COD of VSS/g COD for
molasses wastewater; and 0.100 g COD of VSS/g COD for
with amino acid, sugars, and fatty acid. When comparing the
three hydrolysis models, absolute values for the yield coeffi-
cients were not established; the same values were used for the
three models, but of appropriate magnitude. The following
values were used for the yield coefficients: 0.084 and 0.042 g
COD of VSS/g COD, for a,, and a_, respectively.

EXAMPLE 4

Modeling assumptions were verified and model param-
eters were estimated, calibrated, and validated. FIG. 8 is an
illustration of the impact of the biocide dose on dissolved
COD production in Reactors 6 and 7. In Reactor 6, which was
not dosed with the biocide, COD production continued to
increase with time while COD production in Reactor 7, which
was dosed with the biocide, was significantly lower. The
slight increase in COD production in Reactor 7 was due to
abiotic processes or inadequate biocide dosage. The produc-
tion of dissolved COD was primarily due to active hydrolytic
organisms naturally present in cattle manure.

FIG. 9 illustrates that the pH in all the reactors remained
below 5.5. Methanogenic activity was negligible in this pH
range and the only processes that occurred in the reactors
were hydrolysis and acidogenesis.

FIG. 10 is an illustration of the enhancement of the
hydrolysis process as reflected by the increase in COD gen-
eration due to increasing doses of cellulase as the enhancer.
COD generation increased 25 to 30% when the cellulase-to
manure ratio increased from 2 mg/g to 3.9 mg/g. However,
further increase of cellulose-to-manure ratio up to 7.8 mg/g
did notresult in any increase in COD release due to saturation,
due to mass transfer limitations in the hydrolysis step in this
surface-limiting model.

The best-fit values for the eight parameters were found by
a curve-fitting process to match the COD data measured in
Reactor 1 that did not receive any enhancers. The best-fit
parameters found for the three hydrolysis models are com-
piled in Table 4. The hydrolysis parameters are diftferent for
the three models as the underlying mechanisms are different.
In the case of the biological parameters, the estimated k;
values are comparable for the three models as expected; while
the K, values are compara-ble for the first-order and second-
order models, the corresponding values for the surface-lim-
iting model are an order of magnitude higher.

TABLE 4
Best-fit values of model parameters.
First-order Second-order  Surface limiting
Parameter reaction model  reaction model  reaction model

For hemicellulose:

K, (day™) 0.05 + 0.006 12+0.104 142012
Ky () — — 28.0 2.0

K;, (day™) 1.0£0.12 0.9 +0.078 18:0.16
K, (g COD/L) 2.2+0.26 25£022 15.0 £1.29
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TABLE 4-continued

Best-fit values of model parameters.

Second-order
reaction model

First-order
reaction model

Surface limiting

Parameter reaction model

For cellulose:

5

18
EXAMPLE 5

Studies on anaerobic hydrolysis/acidogenesis of cattle
manure to formulate, calibrate, and validate a new mechanis-
tic model for the two processes were conducted. Native
organisms in cattle manure residues were adequate to hydro-
lyze the particulate organics and to convert the solublized

K, (day™) 0.019 =2.28 0.28 £0.024 0.09 =0.008 organics into fatty acids. The pH in all reactors remained
Kiee () — — 1.5£0.13 below 5.5 under multiple combinations of manure-to-liquid
EC (?ayCO)D/L) 2'573 fg'gg 52'(5) fg-g‘“ 108'5 fg-? 10 ratios, and CH, content of the gas phase was less than 1%.
8 R - - Two additional similar reactors were run with a biocide and
confirmed that the COD and volatile fatty acid (VFA) pro-
The parameters found through curve-fitting were further ductions were due to the microbially mediated hydrolysis and
validated with COD data from Reactors 2, 3, 4, and 5 that  acidogenesis. Advective and diffusive transport of the dis-
received various doses of the enhancer. The COD profiles 15 solved components was incorporated for application to down-
predicted by the three models for Reactors 2, 3, 4, and 5 flow lead-bed reactors. Experimental results from two leach-
agreed with the measured data as summarized in Table 5. The  bed reactors fed with cattle manure residues at different bed
overall fit between COD measured experimentally and the porosities and recycle rates were gathered.
COD predicted by the process model incorporating the three
hydrolysis models was good (r*>0.85 for 120 data points, 20 EXAMPLE 6
with the probability of the correlation, p<0.001). This model
was valid and the observed two-segment COD profiles were Membrane processes are implemented for hydrogen fuel
due to the two components in cattle manure, i.e. hemicellu- cell and hydrogen separation. Binary Ru—Ni thin films are
lose and cellulose. synthesized to act as novel fuel cell catalysts for hydrogen
TABLE 5
Quality of Prediction of the three models.
Reactor Reactor Reactor Reactor Reactor
Model 1 2 3 4 5 Overall
First-order reaction R? 0.932 0.851 0.925 0.903 0.894 0.881
(data points = 12) F 137.28 56.93 122.88 93.46 83.95 42748
p <0001 <0001  <0.001  <0.001 <0001  <0.001
Second-order reaction  R? 0.97 0.903 0.938 0.935 0.913 0.913
(data points = 12) F 324.74 93.56 15111 143.96  113.08  607.03
p <0001 <0000 <0001  <0.001 <0001  <0.001
Third-order reaction R? 0.992 0.921 0.932 0.937 0.911 0.914
(data points = 12) F 118774  115.65 137.27  149.68 10209  619.77
p <0001 <0000 <0001  <0.001 <0001  <0.001
40
The COD profiles predicted using the three hydrolysis oxidation. A flash pyrolysis process is developed to deposit
reaction models were compared against the measured COD Ru—Ni nanoparticles with a core-and-shell structure. Hydro-
data for Reactors 1 to 5 in FIGS. 11 to 15. Overall, the gen oxidation and permeation properties are investigated. The
surface-limiting reaction and the second-order reaction mod- Ru—Ni nanoparticles are deposited on the surface ofasol-gel
els fitted the measured data better than the first-order reaction 45 derived mesoporous y-Al,O; layer as the hydrogen selective
model as shown by the line of perfect fit in FIG. 16. The trend separ ation membr ane. The inorganic membr. anes haye suffi-
and the closeness of fit of both the first-order and second-  ciently large separation factors for hydrogen and significantly
order reaction models deteriorated with time, while the trend hlgh resistances for membrane fouhng..
and the fit of the surface-limiting reaction model was consis- Binary Ru—Ni thin films are synthesized as novel fuel cell
tent throughout the full range of the tests. The substrate-to- 30 Icﬂataﬁls(t; for hy?rofgenlcl))(lde(litl%ngnd for membrgne processes
microorganism ratio, P/X, was a limiting factor in the or hydrogen fuel cell and hydrogen separation. R,uiNl
- - .. nanoparticles with core-and-shell structure were deposited by
hydrolysis of particulate substrates, rather than the remaining . . . .
. aflash pyrolysis process. A SEM image of the binary Ru—Ni
substrate concentration P, as modeled by the first-order reac- . . . .
. ! nanoparticles is shown in FIG. 17, and the X-Ray mapping of
tion model. . . 55 a single Ru—Ni nanoparticle is shown in FIG. 18.
As P, decreased with time, soluble COD and X increased
with time, and the ratio P,/X decreased. By incorporating this EXAMPLE 7
limitation, the surface limiting model predicted the COD
better than the other two models. This is further corroborated Key microbial groups are tracked by monitoring their
by the fact that the COD generation did not increase in pro- 60 populations as well as their metabolism. Microbial popula-
portion to the enhancer dose. tions are tracked by combining culture-based detection meth-
The three hydrolysis models predicted COD generation ods with molecular-based detection. Populations which are
reasonably well. The single-parameter, second-order model metabolically useful (e.g. spore-formers potentially involved
was more realistic than the first-order reaction model and easy in hydrogen production) as well as pathogens harbored in the
to apply. The surface-limiting reaction model fitted the data 65 feedstock manure (e.g. fecal coliforms and subsets of fecal

with a slightly better quality of fit over the range tested and
involved two parameters established experimentally.

coliforms such as E. coli 0157) are monitored. A polymerase
chain reaction (PCR) is employed to detect pathogenic bac-
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teria, and PCR is used to track other groups of interest. To
track the spore-formers in the sample (many of which pro-
duce hydrogen anaerobically), a spore cortex lytic enzyme
gene is utilized, which is conserved among many Clostridium
and Bacillus species using PCR primers. The culture-based
assay for spore-formers involves pasteurization of the
sample, then plating on non-selective medium grown under
anaerobic conditions. Organisms that harbor the hydrogenase
enzyme are monitored. For example, the hydrogenase gene in
one of the sulfate-reducing bacteria produces hydrogen, and
is sequenced; PCR primers track this common Ni—Fe type of
hydrogenase. Indicator pathogens are enumerated using the
membrane fecal coliform standard method, and representa-
tive pathogens such as E. coli are PCR-amplified utilizing
primers specific for the attaching and effacing locus (eaeA)
gene. Genetic characterization and manipulation is per-
formed. Bacteria which play key roles in the bioconversion
process and genetically characterize appropriate genes by, for
example, sequencing PCR products of hydrogenase as well
those involved in butyrate production are isolated. Geneti-
cally manipulating appropriate isolates in order to knock out
genes that divert electron flow to products such as butyrate
instead of hydrogen is accomplished. Site-directed mutagen-
esis is used. Gene knock-out mutants are tested in bioreactor
studies to document changes in H, production efficiency.

EXAMPLE 8

Performance is characterized and tested. The reactor is
operated at 30° C. in an environmental chamber. The photo-
fermentation occurs under illumination of a 200 W/m? tung-
sten lamp. A pH controller is used to maintain the optimal pH
for the two stages. Liquid samples collected from the two
stages are analyzed for volatile acids, using gas chromato-
graph with FID; for optical density, using a spectrophotom-
eter; and for COD, following standard methods. The gas
production rate from each stage is measured using water
columns. Gas samples are analyzed by gas chromatograph
fitted with thermal conductivity detector. The operating
parameter is the recirculation rate. Experiments are con-
ducted under steady and cyclic illumination.

20

25

35

40

20

Although the invention has been described in detail with
particular reference to these preferred embodiments, other
embodiments can achieve the same results. Variations and
modifications of the present invention will be obvious to those
skilled in the art and it is intended to cover in the appended
claims all such modifications and equivalents. The entire
disclosures of all references, applications, patents, and pub-
lications cited above and/or in the attachments, and of the
corresponding application(s), are hereby incorporated by ref-
erence.

What is claimed is:

1. A system for producing a gas comprising:

a single vessel comprising a multi-stage reactor compris-
ing at least one leach-bed reactor and at least one sus-
pended-growth reactor, said suspended-growth reactor
in fluid communication with said leach-bed reactor;

a plurality of tubes, wherein a portion of said tubes divide
said leach-bed reactor from said suspended-growth
reactor within said single vessel;

an annular space between said tubes dividing said leach-
bed reactor from said suspended-growth reactor;

said annular space comprising an area for anaerobic fer-
mentation producing H,CO,, and dissolved fatty acids;
and

a gas-specific membrane system disposed above said
leach-bed reactor and said suspended-growth reactor
and in fluid communication with said multi-stage reac-
tor.

2. The system of claim 1 wherein said suspended-growth

reactor comprises a continuous stirred-tank reactor.

3. The system of claim 2 wherein said suspended-growth
reactor comprises a magnetic stirrer.

4. The system of claim 1 wherein said tubes are perforated.

5. The system of claim 1 wherein said gas-specific mem-
brane system comprises a material selected from the group
consisting of ruthenium nickel, alumina, and alumina com-
posite.

6. The system of claim 1 wherein said suspended-growth
reactor comprises a light source.

7. The system of claim 1 wherein said leach-bed reactor
comprises a fixed-bed reactor.

#* #* #* #* #*
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